Many studies have outlined the benefits for growth and reproduction resulting from thinning extremely crowded young forests regenerating after stand replacing wildfires ("thickets"). However, scarce information is available on how thinning may influence fire severity and vegetation regeneration in case a new fire occurs. We investigated the relationship between thinning and fire severity in P. halepensis thickets, and the effects on the establishment of pine seedlings and resprouting vigour in resprouter species the year after the fire. Our results show a positive relationship between forest basal area and fire severity, and thus reserved pines in thinned stands suffered less fire damage than those in un-thinned sites (respectively, 2.02 ± 0.13 vs. 2.93 ± 0.15 in a scale from 0 to 4). Ultimately, differences in fire severity influenced post-fire regeneration. Resprouting vigour varied depending on the species and the size of individuals but it was consistently higher in thinned stands. Concerning P. halepensis, the proportion of cones surviving the fire decreased with fire severity. However, this could not compensate the much lower pine density in thinned stands and thus the overall seed crop was higher in un-thinned areas. Establishment of pine seedlings was negatively affected by the slope and positively driven by the number of cones and thus it was higher in un-thinned than in thinned stands (respectively, 2581 ± 649 vs. 898 ± 325 seedlings·ha −1 ). Thinning decreases fire intensity, and thus it may facilitate fire suppression tasks, but retaining a higher density of pines would be necessary to ensure P. halepensis regeneration after a new fire event.
Introduction
Germination of seeds protected in a soil or canopy seed bank is one of the main regeneration mechanisms developed by plants to cope with fire, the most frequent disturbance in Mediterranean type ecosystems [1] [2] [3] . This post-fire regeneration strategy often results in the direct recovery of the same plant community ("autosuccession" sensu [4] , but see [5] ), contributes to avoid soil erosion [6] and promotes the fast return of crucial ecosystem services [7, 8] . Notwithstanding these benefits, the too profuse establishment of tree seedlings ("thickets" or "dog hair stands") entails some constrains concerning forest development, as competition precludes tree growth and reproduction [9, 10] while increases the risk of new stand-replacing wildfires before a new seed bank has developed ("immaturity risk", [11, 12] ).
Density control (i.e., thinning) in young thickets is strongly recommended to reduce between-tree competition, thus enhancing tree growth and reproduction and improving forest structure and dynamics [9, 10, [13] [14] [15] . Previous studies have shown that reducing tree density in highly crowded This study was carried out in El Bruc in the province of Barcelona, in an area frequently affected by wildfires (41 • 34' N, 1 • 46' E, Catalonia, NE Spain) ( Figure 1 ). The average altitude is 478 m (ranging from 232 m to 551 m) and climate is dry-subhumid continental Mediterranean (according to the Thornwaite index), with mean annual temperature of 14-16 • C and mean annual precipitation of 550-650 mm [29] . The soil is composed of Paleozoic materials, mainly by easily eroded quartz shale [30] . The study area is mainly covered by ca. 30-year-old P. halepensis thickets that regenerated after a large wildfire episode in 1986. Pinus halepensis is an "obligate seeder species" typical from the western rim of the Mediterranean Basin which is commonly able to withstand intense and stand-replacing wildfires owing to its high regeneration ability [31] . This successful post-fire recovery is based upon a short juvenile period, early flowering, the production of large cone crops and a weak serotinous habit [3] . In the pine forests of the study area, there were also some common resprouter species such as Erica multiflora L., Quercus coccifera L., Pistacia lentiscus L. and Viburnum tinus L. mostly found in the understory layer. Table A1 to assign each plot to the un-thinning or thinning treatment.
In the spring of 2015, a manual thinning was conducted by the local association of landowners (Entorns de Montserrat) to promote tree growth and reproduction while reducing the risk of spread of new wildfires [9, 32] , see a general view of the thinned forest in Figure 2A . Removed saplings were chopped and laid on the soil and they started to dry quickly, with a 6.5% ± 4.1% water content by the end of June (JM Espelta, unpublished results). In July 2015, a wildfire that originated in a surrounding P. halepensis forest burned 565 ha of mature forest, 217 ha of un-thinned and 300 ha of thinned thickets, where the fire was finally suppressed ( Figure 2B ).
(A) Figure 1 . Location of the study site and the 37 plots sampled in the area affected by the 2015 wildfire (delimited in blue) in El Bruc (Catalonia, NE Spain). See Table A1 to assign each plot to the un-thinning or thinning treatment.
In the spring of 2015, a manual thinning was conducted by the local association of landowners (Entorns de Montserrat) to promote tree growth and reproduction while reducing the risk of spread of new wildfires [9, 32] , see a general view of the thinned forest in Figure 2A . Removed saplings were chopped and laid on the soil and they started to dry quickly, with a 6.5% ± 4.1% water content by the end of June (JM Espelta, unpublished results). In July 2015, a wildfire that originated in a surrounding P. halepensis forest burned 565 ha of mature forest, 217 ha of un-thinned and 300 ha of thinned thickets, where the fire was finally suppressed ( Figure 2B ). Table A1 to assign each plot to the un-thinning or thinning treatment.
(A) Notice that during thinning, removed trees were chopped and laid down on the ground.
Experimental Design and Sampling
To determine the effects of topography and forest structure on fire severity and the regeneration success of these young P. halepensis forests after a second wildfire in a relatively short time lapse (1986, 2015) , we randomly established 37 circular plots (10 m radius) in early 2016 in both un-thinned and thinned sites across the study area (respectively, 15 and 22 plots). Each plot was geolocated by means of a GPS and we determined elevation, aspect and slope. Then, we carried out a forest inventory of the tree layer (almost monospecific stands of P. halepensis) by measuring tree diameter at breast height (DBH) and height. We also annotated the presence of all species resprouting after the fire and their abundance.
In each plot, we classified all trees according to a fire damage degree as a proxy of fire severity. We used an index including five increasing categories of damage caused by fire [33, 34] : (i) live trees (score 0); (ii) dead trees with crowns that were scorched but not consumed by fire (score 1); (iii) trees with no needles that still maintain secondary branches with a diameter smaller than 0.7 cm (Score 2); (iv) trees that maintain branches with a diameter larger than 0.7 cm but smaller than 2.5 cm (Score 3) and v) trees bearing only branches with a diameter larger than 2.5 cm or just remnants of the main trunk (Score 4) (see Figure 3) . All the trees sampled in the plots were dead, and thus we did not find live trees with a 0 score of fire damage. In order to collect supplementary information on possible differences in fire severity between thinned and un-thinned plots, we also estimated, by means of two perpendicular transects, the number and volume of woody residues -left when the thinning treatment was applied -that still remained after the fire. The main topographic and structural characteristics of the sampled plots are shown in Table A1 . 
In each plot, we classified all trees according to a fire damage degree as a proxy of fire severity. We used an index including five increasing categories of damage caused by fire [33, 34] : (i) live trees (score 0); (ii) dead trees with crowns that were scorched but not consumed by fire (score 1); (iii) trees with no needles that still maintain secondary branches with a diameter smaller than 0.7 cm (Score 2); (iv) trees that maintain branches with a diameter larger than 0.7 cm but smaller than 2.5 cm (Score 3) and v) trees bearing only branches with a diameter larger than 2.5 cm or just remnants of the main trunk (Score 4) (see Figure 3 ). All the trees sampled in the plots were dead, and thus we did not find live trees with a 0 score of fire damage. In order to collect supplementary information on possible differences in fire severity between thinned and un-thinned plots, we also estimated, by means of two perpendicular transects, the number and volume of woody residues-left when the thinning treatment was applied-that still remained after the fire. The main topographic and structural characteristics of the sampled plots are shown in Table A1 . (1) trees which still maintain brown needles; (2) trees which maintain secondary branches, often with a diameter smaller than 0.7 cm; (3) trees which only maintain primary branches, often with a diameter larger than 0.7 cm but smaller than 2.5 cm; (4) trees which maintain only the main trunk.
To determine the canopy seed bank of pines, we counted for each pine the number of cones, distinguishing between those that resisted the fire (hereafter, sound cones) from those that were destroyed (hereafter, charred), and we computed the proportion of sound cones per pine over the total cone crop. From these values, we calculated the proportion of sound cones per plot (see, for a similar procedure [9] ). Furthermore, to assess if fire might have depressed seed viability in sound cones, we randomly selected just after the fire, 7 sound cones of 5 different pines in 6 of the sampled plots for analyses. Once in the laboratory, we calculated the percentage of fully developed seeds after cutting 30 pinions per individual tree and selected 15 seeds per tree to determine the germination percentage in Petri dishes [35] . We did not conduct a similar experiment with seeds from charred cones because they were mostly ashes. To assess the real regeneration success of P. halepensis one year after the fire event, in 2016 we came back to the 37 plots established in the field and counted the number of seedlings present. During that visit, we also characterized the resprouting vigour of the different resprouting species present in the plots by measuring the height of the tallest sprout and crown area [36] . We calculated the biovolume for each individual by multiplying the mean height of resprouts and crown area. We also recorded the number of stumps and their basal diameter, as a proxy of the size of the individual before the fire event [37] . See Table  A2 for a list of the main resprouter species present in the study area.
Data Analysis
First, we checked for the correlation degree among all variables and excluded those with a significant correlation coefficient higher than 0.6 from the subsequent statistical analysis to avoid spurious relationships. To test for the effects of topographic characteristics (aspect, slope, elevation and geographic location), characteristics of the tree layer (basal area and height) and the number and minimum diameter of burned slash (proxy of the surface fuel available before the fire) on the fire severity degree observed in the tree layer, we applied stepwise multiple linear regression analyses. The effect of the fire severity index on the proportion of sound cones per pine, seed viability (number of full seeds per cone) and germination ability was analysed by means of general linear mixed models (GLMM) including plot as a random factor. Concerning the success of P. halepensis regeneration after fire, we assessed by means of a Generalized Linear Model (GLZ), the effect on seedling density of the seed crop size (i.e., estimated number of sound cones per plot) and topographic constraints (slope of the plot), as these are two of the most critical factors reported to drive the post fire regeneration success of this species [24, 25, 27] . For resprouter species, the effects of Fire severity index with five levels of fire severity: (0) trees alive; (1) trees which still maintain brown needles; (2) trees which maintain secondary branches, often with a diameter smaller than 0.7 cm; (3) trees which only maintain primary branches, often with a diameter larger than 0.7 cm but smaller than 2.5 cm; (4) trees which maintain only the main trunk.
To determine the canopy seed bank of pines, we counted for each pine the number of cones, distinguishing between those that resisted the fire (hereafter, sound cones) from those that were destroyed (hereafter, charred), and we computed the proportion of sound cones per pine over the total cone crop. From these values, we calculated the proportion of sound cones per plot (see, for a similar procedure [9] ). Furthermore, to assess if fire might have depressed seed viability in sound cones, we randomly selected just after the fire, 7 sound cones of 5 different pines in 6 of the sampled plots for analyses. Once in the laboratory, we calculated the percentage of fully developed seeds after cutting 30 pinions per individual tree and selected 15 seeds per tree to determine the germination percentage in Petri dishes [35] . We did not conduct a similar experiment with seeds from charred cones because they were mostly ashes. To assess the real regeneration success of P. halepensis one year after the fire event, in 2016 we came back to the 37 plots established in the field and counted the number of seedlings present. During that visit, we also characterized the resprouting vigour of the different resprouting species present in the plots by measuring the height of the tallest sprout and crown area [36] . We calculated the biovolume for each individual by multiplying the mean height of resprouts and crown area. We also recorded the number of stumps and their basal diameter, as a proxy of the size of the individual before the fire event [37] . See Table A2 for a list of the main resprouter species present in the study area.
First, we checked for the correlation degree among all variables and excluded those with a significant correlation coefficient higher than 0.6 from the subsequent statistical analysis to avoid spurious relationships. To test for the effects of topographic characteristics (aspect, slope, elevation and geographic location), characteristics of the tree layer (basal area and height) and the number and minimum diameter of burned slash (proxy of the surface fuel available before the fire) on the fire severity degree observed in the tree layer, we applied stepwise multiple linear regression analyses. The effect of the fire severity index on the proportion of sound cones per pine, seed viability (number of full seeds per cone) and germination ability was analysed by means of general linear mixed models (GLMM) including plot as a random factor. Concerning the success of P. halepensis regeneration after fire, we assessed by means of a Generalized Linear Model (GLZ), the effect on seedling density of the seed crop size (i.e., estimated number of sound cones per plot) and topographic constraints (slope of the plot), as these are two of the most critical factors reported to drive the post fire regeneration success of this species [24, 25, 27] . For resprouter species, the effects of fire severity on the resprouting vigour (maximum sprout height, crown cover and biovolume) was analysed by means of three different GLMMs including plot as a random factor. In these analyses, we also included the species and the number and surface of stumps per individual to account for species-specific differences and the influence of the previous size of individuals before the fire [37, 38] . In all cases, inspection of residuals was carried out to check for normality and homoscedasticity. When necessary, we ran analyses on transformed data. We performed all these statistical analyses using SPSS version 20.0 (IBM, Armonk, NY, USA) or the R statistical software [39] ) with the lme4 [40] and MuMIn [41] packages. In the text, mean values are accompanied by the standard error (Mean ± 1SE).
Results
The fire severity index, based on the presence of needles and the size of tree branch remnants, indicated an intermediate fire severity across the study area (2.35 ± 0.12 on a scale from 0 to 4). However, fire severity significantly increased with basal area in the plots (F = 12.15, p ≤ 0.001, R 2 = 0.26; Figure 4 ) and therefore it was higher in un-thinned than in thinned stands (respectively, 2.93 ± 0.15 vs. 2.02 ± 0.13; F = 19.41, p = 0.003). Fire severity influenced significantly and negatively the proportion of sound cones per pine (F = 28.4, p ≤ 0.001, R 2 = 0.63) and thus this proportion was higher in areas with less basal area: i.e., 0.90 ± 0.02 in thinned vs. 0.79 ± 0.03 in un-thinned plots, F = 9.81, p = 0.014. However, the higher sound cone bank per pine in thinned stands could not compensate for the much lower number of trees present and thus the estimated overall crop size of sound cones was ca. three times higher in un-thinned sites, in spite that they suffered higher fire severity (i.e., 27,314 ± 3988 cones·ha −1 in un-thinned vs. 10,028 ± 3293 cones·ha −1 in thinned plots). Neither the number of full seeds in sound cones nor their germination ability were affected by fire severity (p > 0.05). One year after the fire event, the presence of seedlings of P. halepensis was observed in 78% of the plots, although density was extremely variable (1580 ± 431 seedlings·ha −1 ; min. = 0 seedlings·ha −1 , max. = 10,315 seedlings·ha −1 ). The presence of P. halepensis seedlings was negatively affected by the slope and positively driven by the amount of sound cones per stand after the fire event (respectively, F = 11.5, p = 0.0244 and F = 16.9, p = 0.0013). This effect of the size of the sound cone crop resulted in the density of Aleppo pine seedlings being higher in un-thinned than in thinned plots (2581 ± 649 seedlings·ha −1 vs. 898 ± 325 seedlings·ha −1 ; F = 13.4, p = 0.0019). fire severity on the resprouting vigour (maximum sprout height, crown cover and biovolume) was analysed by means of three different GLMMs including plot as a random factor. In these analyses, we also included the species and the number and surface of stumps per individual to account for species-specific differences and the influence of the previous size of individuals before the fire [37, 38] . In all cases, inspection of residuals was carried out to check for normality and homoscedasticity. When necessary, we ran analyses on transformed data. We performed all these statistical analyses using SPSS version 20.0 (IBM, Armonk, NY, USA) or the R statistical software [39] ) with the lme4 [40] and MuMIn [41] packages. In the text, mean values are accompanied by the standard error (Mean ± 1SE)
The fire severity index, based on the presence of needles and the size of tree branch remnants, indicated an intermediate fire severity across the study area (2.35 ± 0.12 on a scale from 0 to 4). However, fire severity significantly increased with basal area in the plots (F = 12.15, p ≤ 0.001, R 2 = 0.26; Figure 4 ) and therefore it was higher in un-thinned than in thinned stands (respectively, 2.93 ± 0.15 vs. 2.02 ± 0.13; F = 19.41, p = 0.003). Fire severity influenced significantly and negatively the proportion of sound cones per pine (F = 28.4, p ≤ 0.001, R 2 = 0.63) and thus this proportion was higher in areas with less basal area: i.e., 0.90 ± 0.02 in thinned vs. 0.79 ± 0.03 in un-thinned plots, F = 9.81, p = 0.014. However, the higher sound cone bank per pine in thinned stands could not compensate for the much lower number of trees present and thus the estimated overall crop size of sound cones was ca. three times higher in un-thinned sites, in spite that they suffered higher fire severity (i.e., 27,314 ± 3988 cones•ha −1 in un-thinned vs. 10,028 ± 3293 cones•ha −1 in thinned plots). Neither the number of full seeds in sound cones nor their germination ability were affected by fire severity (p > 0.05). One year after the fire event, the presence of seedlings of P. halepensis was observed in 78% of the plots, although density was extremely variable (1580 ± 431 seedlings•ha Resprouting vigor (height, cover and biovolume) in resprouter species was significantly influenced by the size of the individuals before the fire event (Table 1) , although the strength of this relationship varied among the different species (interaction species x surface of stumps in Table 1, Table A2 and Figure A1 ). Fire severity showed a significant and negative influence on the three proxies of resprouting vigor (height, cover and biovolume) ( Table 1) . Therefore, as fire severity was higher in the un-thinned plots, resprouting vigor was higher in the thinned ones. Table 1 . Results of the general linear mixed models to test the effects of fire severity (Sev), species (Sp), stump number (Sn) and stump surface (Ss) and plot (random factor) on three proxies of resprouting vigor (total height, total cover and biovolume). Stump n. = stump number, Stump s. = Stump surface. Significant effects (p < 0.05) are indicated in bold. df = degrees of freedom, m = marginal R 2 , proportion of variance explained by the fixed factors alone, c = conditional R 2 , proportion of variance explained by both the fixed and random factors.
Characteristics

Discussion
The main contribution of this study is to show that there is a relationship between thinning and fire severity, and ultimately, post-fire vegetation recovery. Our results indicate that the areas that were thinned before the fire event presented less fire damage (i.e., less fire severity) than un-thinned stands, where P. halepensis basal area was higher. The lower fire severity observed in the thinned plots is probably related to the reduction of crown overlapping and ladder fuel (contiguous vertical fuels) after thinning [20, 23, 42, 43] . In fact, in a companion study conducted in the same study area, it was observed that thinning reduced fire spread rate, fire intensity at the frontline, and especially flame length from 9.5 ± 0.2 m to 1.6 ± 0.3 m compared to the un-thinned areas [19] . Interestingly, these results match with the fact that we observed many pines still bearing brown needles in the thinned areas (Level 1 of Severity) but almost none in the un-thinned stands.
The difference in P. halepensis basal area among plots had a stronger effect on fire severity than tree height or topographic conditions, two factors traditionally assumed to largely influence fire behaviour [26, 28, 44] . Even though several studies indicate that tree height is the main factor driving fire severity because larger trees are more fire-resistant due to their taller crowns and thicker bark [22, 26] , tree size did not have any effect in our study, probably owing to the similar height of pines both in un-thinned and recently thinned plots (respectively, 5.2 m ± 1.2 m vs. 5.3 m ± 1.4 m; Table A1 ). Concerning the presence of remnant slash in the thinned stands, several studies have suggested that it may increase fuel availability, raising the probability of more intense and extensive wildfires in the future [44, 45] , although these studies refer to mature forest and most of them have not experimentally tested or observed these potential effects. Interestingly, our results indicate that surface fuel (slash) in thinned plots did not increase fire severity, at least at the tree level (see [19] ). Moreover, this effect was obtained in spite of the short interval between thinning and wildfire (ca. two months) when fine fuels were still very abundant (see Figure 2A) . Simulations of fire behavior, considering the rate of slash decay measured nearby, suggests that in 2-3 years, fire behavior parameters will be even lower in the thinned thickets in comparison to the un-thinned ones [19] .
As shown by our results, the probability of maintaining sound (non-charred) cones per pine decreased with fire severity [46] , and thus it was higher in thinned stands. However, the total crop of sound cones was considerably larger in un-thinned plots where the number of pines was much higher (see [9] ). The observed post-fire recruitment of P. halepensis seedlings showed an extremely variable density, as reported in similar studies [24, 27, 47, 48] but it was significantly higher in un-thinned plots and in stands with smoother slopes. Moreover, as observed in other studies, regeneration success of P. halepensis is often better on flat areas or with a moderate slope where seeds tend to accumulate and water retention capacity is higher [24, 27, 48] . In light of the mean density of seedlings recruited one year after the fire in the thinned thickets (ca. 900 seedlings·ha −1 ) and considering the probable mortality events specially during the first years [3] , we suggest reserving a density of pines higher than the current ca. 1000 trees·ha −1 during the thinning operations and a mosaic of thinned and un-thinned areas, with the aim of assuring enough seed availability and seedling recruitment in case a new fire occurs [9] . Of course, this recommendation should also be confronted with the higher fire intensity and severity observed in the stands with larger basal area (this study, [19] ), stressing the need to adapt the management of these thickets to the landscape characteristics both to ensure their resilience but also the reduction of fire spread. Moreover, regeneration will depend not only on the previous density of pines but also on the weather conditions just after fire and on post-fire management decisions (e.g., salvage logging, drag of trunks), which may enhance or reduce the recruitment values found [49, 50] .
Conversely to the results found for the regeneration success of the seeder P. halepensis, resprouting vigour was higher in thinned plots where fire severity was lower, probably because intense fire causes the physical destruction of part of the bud-bank, damages superficial roots and it negatively affects the physiology of the stumps in species with this post-fire regeneration strategy [36, [51] [52] [53] . However, the effects were somewhat species-specific (Table 1) : i.e., one of the species more affected by fire was J. oxycedrus [27, 38] , while P. angustifolia and A. unedo were among the ones with a better response [37, 54, 55] . Moreover, resprouting vigour varied according to the individual size before the wildfire event ( Figure A1 , [37] ) and thus, individuals that were bigger in terms of stumps surface, produced more vigorous resprouts (taller and leafier) after the fire. This positive effect has been argued to rely on a larger size of the number of buds [56] and on larger under-ground reserves [57] .
Conclusions
Present day evidences suggest that repeated fires in a short interval may delay the reproduction onset in Aleppo pine forests [58] while the recurrence of drought events reduce their canopy seed bank [59] . On the basis of a future rise of wildfire recurrence and water stress as a result of land use and climate changes, there is an urgent need to develop management strategies for increasing Mediterranean-type forests resilience [1] . According to our results, we can conclude that thinning may decrease fire severity in young pine thickets and has contrasting effects on the post-fire regeneration success of plants depending on their post-fire strategy (seeder or resprouter). Interestingly, we also proved that the presence of slash remnants in the thinned plots ddoes not increase fire severity and fire damage is only controlled by the amount of standing basal area. Thinning appears as a promising silvicultural tool to ameliorate the structure and development of these young P. halepensis thickets and to create more fire resilient stands [60] . However, the final density of retained saplings in a particular stand as well as the spatial arrangement of un-thinned and thinned thickets at the landscape level should be adapted to match and balance three simultaneous objectives: i.e., increase growth and reproduction of pines, reduce fire intensity and damage, and ensure the resilience of the forest to new wildfire events. Figure A1 . Relationship between individual stump basal area and individual maximum height (log-transformed) for the 20 resprouter species. Relationship between individual stump basal area with resprouting cover and biovolume (both log-transformed) are not shown because they provided similar results. See Table A2 for species nomenclature.
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